The concept of the developmental origins of health and disease is based on studies by Barker et al. They proposed a hypothesis that undernutrition in utero permanently changes the body's structure, function, and metabolism in ways that lead to atherosclerosis and insulin resistance in later life. In addition, profound effects on the extent of body fatness and insulin sensitivity are demonstrated, if there is a "mismatch" between prenatal and postnatal environments. In previous studies, undernutrition in utero has been evaluated simply by birth weight itself or birth weight for gestational age, and the degree of mismatch has been estimated by postnatal rapid weight gain. Recently, we investigated subcutaneous fat accumulation in small-for-gestational-age infants and found that a rapid catch-up in skinfold thickness developed prior to the body weight catch-up. Furthermore, insulin-like growth factor-I and lipoprotein lipase mass concentrations also demonstrate rapid increase during the neonatal period with fat accumulation. Investigating the precise mechanisms of developmental origins of health and disease including mediating metabolic and hormonal factors may provide a new approach to prevent atherosclerosis and insulin resistance. Better management of undernutrition during gestation and neonatal growth during the early postnatal period is an important theme for future health.
T he prevalence of obesity in children has been increasing worldwide, and consequently metabolic syndrome (MetS) is also becoming a serious health problem. A follow-up study has suggested that the MetS phenotype persists over time and tends to progress clinically even in children and adolescents (1) . Therefore, the focus should be on the prevention and early detection of metabolic risks. Recent studies suggest that MetS may originate in utero. Barker et al. first proposed this concept (2) . They found a geographic correlation in England and Wales, which suggested a positive relationship across locations between ischemic heart disease mortality rates in 1968-78 and infant mortality in 1921-25. Their subsequent studies demonstrated that infants with low birth weight (LBW) or born small for gestational age (SGA) are associated with increased rates of type 2 diabetes, hypertension, and coronary heart disease in adulthood (3, 4) . Their epidemiological findings have been confirmed around the world. It is suggested that undernutrition in utero permanently changes the body's structure, function, and metabolism in ways that lead to atherosclerosis and insulin resistance in later life (5) . SGA infants are usually defined as having a birth weight more than 2 SD below the mean or less than the 10th percentile for the gestational age. Birth weight is a final result of intrauterine growth, and the fetal growth pattern of SGA infants is heterogeneous. However, apart from physiological variations in fetal growth, nutrient availability is a major determinant of birth weight. Furthermore, profound effects are demonstrated if a "mismatch" between prenatal and postnatal environments results in postnatal rapid growth (6, 7) . Many studies have confirmed the relationship between MetS-associated features and catch-up growth of preterm or SGA infants (8) . However, the precise mechanisms of postnatal rapid growth are poorly understood, including those that mediate metabolic and hormonal factors that might be linked to the development of MetS, type 2 diabetes, and cardiovascular diseases in later life. In this review, we summarize the data presented in the published literature regarding early postnatal changes in body composition, and discuss recent advances in the understanding of the mechanisms underlying postnatal rapid fat accumulation in preterm and SGA infants.
MECHANISMS UNDERLYING THE DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE
The central concept of developmental origins of health and disease is that the intrauterine and infantile environments induce developmental changes that have long-term effects on health and disease risks in later life. Some possible mechanisms have been proposed to explain the link between intrauterine undernutrition and metabolic risks (9).
Hypothalamic-Pituitary-Adrenal (HPA) Axis Hypothesis
Changes in the regulation of the HPA axis are believed to give rise to one mechanism that mediates the linkage (10) (11) (12) ). An animal model has suggested that periconceptional undernutrition markedly activates fetal HPA axis activity in late gestation, leading to preterm birth (13) . Another model, rats in which LBW was induced by administering dexamethasone to Review the dam during the final 7 d of pregnancy, demonstrated liverspecific insulin resistance associated with increased morning plasma adrenocorticotropic hormone levels and elevated corticosterone secretion (14) . These studies suggest that prenatal stress can result in chronic hyperactivity of the HPA axis, followed by increased plasma corticosterone levels and hepatic insulin resistance. However, the long-term impact of HPA axis activation is controversial. Periconceptional undernutrition of sheep is reported to have only a minor influence on HPA axis function in their young adult offspring (15) . In addition, the HPA axis can be reset by postnatal influences (16) . A metaanalysis of human epidemiological studies reported an inverse association between birth weight and circulating cortisol level, although the majority of studies were underpowered. Therefore, the strength of the overall association between birth weight and circulating cortisol level appears to be weak (11) .
Fetal Insulin Hypothesis
Hattersley and Tooke proposed the fetal insulin hypothesis as an alternative explanation of the association of LBW with diabetes and vascular disease (17) . They suggested that genetic factors are related to birth weight and to diabetes risk. Monogenic diseases that impair glucose sensing, lower insulin secretion, or increase insulin resistance support this hypothesis. An association was recently observed between a polymorphism of the angiotensinogen gene and LBW and elevated fetal total glycated hemoglobin at birth (18) . Associations have also been demonstrated between polymorphisms of some other genes and birth weight (19, 20) . Therefore, common genetic factors may predispose the association of LBW with insulin resistance.
Catch-Up Hypothesis
Another explanation of the linkage is the catch-up hypothesis. Previously, Eriksson et al. reported that the highest death rates from coronary heart disease occurred in men that were born with LBW or low ponderal index, but whose weight caught up so that they had an average or above average BMI at 11 y of age, suggesting that catch-up growth during childhood modifies the increased risk of death from coronary heart disease in later life (21) . Thereafter, many epidemiological studies have demonstrated that infants born preterm or SGA with catch-up growth had a higher risk not only for cardiovascular diseases, but also for developing obesity, hypertension, type 2 diabetes, and MetS in later life (22) (23) (24) . Therefore, weight gain during early infancy is a potential target for preventive intervention (25) .
SGA INFANTS WITH POSTNATAL CATCH-UP GROWTH DURING CHILDHOOD
It is now generally accepted that children born SGA with catchup growth are at particularly high metabolic risk. Stevens et al. investigated the metabolic profiling of children born SGA that exhibited catch-up growth. Compared with noncatch-up SGA children, catch-up SGA children had greater BMI z-scores, insulin-like growth factor-I (IGF-I) levels, and fasting glucose levels, but lower adiponectin values at age 4-9 y, suggesting a greater risk of cardiometabolic diseases (26) . In another study, Deng et al. investigated insulin resistance in term SGA children with catch-up growth, and found that the insulin resistance values of the homeostatic model assessment (HOMA-IR) were significantly higher in term catch-up SGA children than in term non-catch-up SGA and term appropriate for gestational age (AGA) children (27) . These findings have been confirmed in animal models that employed prenatal nutrient restriction to produce LBW newborns, followed by catch-up growth (28) (29) (30) . Furthermore, studies using animal models have revealed that postnatal catch-up growth induces subcutaneous (s.c.) fat remodeling (29) and alters the adipose tissue gene expression program, leading to obesity (30) .
However, a follow-up study of term AGA infants has demonstrated that postnatal rapid growth (defined as an increase in the z-score for weight of >0.67 between birth and 24 mo) has a strong, significant, and independent effect on body fat percentage (%BF) at 2 y of age, and this effect persisted and influenced BMI and %BF trajectories between 2 and 7 y of age (31) . Several studies have also confirmed a similar phenomenon in normal birth weight infants that exhibit rapid weight gain (6, (32) (33) (34) . Therefore, the association between postnatal catch-up growth during childhood and the risk of developing obesity is not specific to children born SGA. This growth pattern is similar to "adiposity rebound, " which is accepted as a biomarker of adult obesity.
POSTNATAL CATCH-UP FAT AND ALTERATION OF BODY COMPOSITION DURING EARLY INFANCY
The importance of body composition rather than standard anthropometry alone has recently been emphasized regarding the assessment of postnatal rapid growth in preterm and SGA infants. Interestingly, changes in body composition and catchup fat begin quite early in the neonatal period.
Preterm AGA vs. Term AGA Infants
Several studies report on the body composition of preterm infants at term-equivalent age. In a meta-analysis of eight studies of infants with a mean gestational age of 30.0 wk, the body composition at term-equivalent age exhibited less lean tissue but more similar fat mass (and therefore higher %BF) than infants born at term (34). Ramel et al. also investigated the body composition of preterm AGA infants born at 31.5 wk of gestation and term AGA infants at term-equivalent age (35) , and observed markedly lower fat-free mass and higher adiposity in preterm infants. In addition, Giannì et al. investigated changes in the body composition of late preterm AGA infants at gestational age 35.2 wk in a cohort study from birth (36) . Late preterm AGA infants at birth exhibited a significantly lower birth weight and %BF (5.7%); however, at term-equivalent age, they were heavier and exhibited a great increase in fat mass so that they had higher %BF (16.1%) than term AGA infants have at birth (8.9%). These findings indicated that the late preterm AGA infants exhibited over-catch-up in both body weight and fat mass during early postnatal age.
Like preterm infants, term SGA infants exhibited lower lean body mass, lower fat mass, and lower %BF at birth than term AGA infants (37); they also exhibited early postnatal catch-up fat (38) .
Preterm SGA vs. Preterm AGA Infants
Roggero et al. (39) investigated body composition in LBW infants (<1500 g), and found that LBW SGA infants born at 31.4 wk of gestation had lower %BF than AGA infants born at 29.3 wk. In a cohort study of preterm infants, SGA infants exhibited rapid gain of fat mass, and no difference between SGA and AGA infants was detected in %BF at a corrected age 3 mo; however, the weight z-score of SGA infants was persistently lower than that of AGA infants.
Fat Distribution of SGA Infants
In addition, when Harrington et al. evaluated s.c. and intraabdominal fat distribution in growth-restricted newborn infants born at or near term (40), they found that growthrestricted infants had less adipose tissue mass and altered fat distribution. In contrast to the highly significant differences in s.c. fat tissue between AGA and growth-restricted infants, they detected no significant difference in intra-abdominal adipose tissue. This finding suggests that s.c. and intra-abdominal adipose tissue components may be under different regulatory control during early postnatal catch-up.
These findings in preterm and SGA infants have been confirmed using various methods of body composition analysis, including dual energy x-ray absorptiometry, air-displacement plethysmography, and magnetic resonance imaging. Although the methods differ, the obtained results are similar among the described studies. Therefore, the findings indicate that preterm and SGA infants grow in different ways from term AGA infants during the early postnatal period, particularly regarding the growth of s.c. adipose tissue.
Previously, s.c. fat accumulation has been evaluated by skinfold measurement (41, 42) , and SGA infants have thinner skinfolds than AGA infants. We also measured skinfolds in a cohort study of SGA and AGA infants, and investigated its rapid postnatal change. The sum of the thicknesses of four skinfolds (triceps, biceps, suprailiac, and subscapular) was thinner in SGA infants at birth, and caught up to the measurement in AGA infants in 1 mo (43). Our finding using skinfold measurement also confirmed the postnatal catch-up fat phenomenon in SGA infants.
POSSIBLE MECHANISMS OF POSTNATAL RAPID FAT ACCUMULATION
In normal weight infants, s.c. adipose tissue grows in parallel with the change in fat cell size during the first months of life; however, the number of fat cells remains stable (44, 45) . In preterm and SGA infants, postnatal catch-up growth is accompanied by rapid and marked fat accumulation. This process is regulated by several endocrine and nutritional factors, as well as environmental factors such as cold stimulus (46) .
Investigating the mechanism of postnatal rapid fat accumulation, a phenomenon specific to preterm and SGA infants, may provide insights regarding the long-term consequences that lead to MetS. Some recent studies involving rats with intrauterine growth restriction have demonstrated that rapid postnatal catch-up growth induces epigenetic modification of IGF-I and that postnatal leptin exposure modifies thrifty metabolic programming (47, 48) .
Lipoprotein Lipase (LPL)
LPL is an important factor for lipid deposition in adipose tissue (49) . An in vitro study of 3T3-L1 preadipocytes showed that LPL mRNA expression increased sixfold during differentiation; this change in expression resulted in a twofold increase in cell surface-associated LPL and a 10-fold increase in intracellular lipid storage (50) . In an in vivo study with chickens, the administration of monoclonal antibodies against LPL in adipose tissue caused the inhibition of LPLmediated hydrolysis of very-low-density lipoprotein (VLDL) triglyceride (TG); consequently, the adipose fat weight was reduced (51) . Although adipose tissue is able to synthesize free fatty acids de novo, free fatty acids for lipid storage are preferentially provided by LPL-mediated hydrolysis (52) . In addition, studies using genetically engineered mouse models demonstrated that LPL activity is a major determinant of adipose tissue development (53) .
We previously measured LPL mass (LPLm) levels in SGS and AGA infants at birth and 1 mo of age to investigate the influence of LPL on rapid s.c. fat accumulation (43) . LPLm in nonheparinized serum is a useful, physiologically relevant index of LPL-mediated lipolysis of plasma TG (54,55). We found that LPLm level had a positive relationship with skinfold thickness and an inverse relationship with VLDL-TG levels at birth and at 1 mo. This finding suggests that LPL-mediated TG uptake from VLDLs might be a major mechanism of s.c. fat accumulation in neonates. In addition, LPLm level increased markedly (+111.6%; −14.8 to 577.8%) during 1 mo, and the change in LPLm level correlated positively with the change in skinfold thickness. Furthermore, the percent increase in serum LPLm level correlated inversely with the birth weight z-score. Therefore, rapid postnatal increase in LPL-mediated TG uptake from VLDLs may be a major mechanism underlying the rapid postnatal s.c. fat accumulation exhibited in SGA infants.
Insulin-Like Growth Factor-I (IGF-I)
Insulin-like growth factors and corresponding binding proteins are important in the regulation of fetal and neonatal growth. Previous studies have shown that IGF-I has a more critical role than the other factors (56) (57) (58) , and growth hormone is not an important regulator of IGF-I secretion during perinatal life (57, 58) . In addition, children with IGF-I gene deletion are characterized by severe prenatal and postnatal growth retardation (59) . Furthermore, IGF-I is centrally involved in adipocyte differentiation and adipose tissue development (60) , as well as in linear growth.
Review
The impact of IGF-I on early postnatal growth has been investigated in many studies. In healthy term infants, growth velocity during the first week of life has a strong and positive association with IGF-I (56). In preterm infants, an association has also been demonstrated between IGF-I and early postnatal growth (61, 62) . In a study of preterm infants (gestational age, 30.6 wk) (61), IGF-I was associated with weight z-score at term and at a corrected age of 3 mo, and IGF-I at term age was negatively associated with a gain in weight z-score between term age and a corrected age of 6 mo, independent of nutrient intake. Giapros et al. (62) investigated the relationship between IGF-I and postnatal growth in late preterm AGA infants (gestational age, 32-36 wk) and found that IGF-I level was higher in infants that exhibited faster weight gain.
The effect of IGF-I level on rapid postnatal growth has also been investigated in SGA infants. Term SGA infants exhibited a positive correlation between birth weight and cord blood IGF-I, and those with slow growth during the first 15 postnatal days had lower cord blood IGF-I levels than newborns with normal growth (63) . These findings suggest that IGF-I has some impact on the initiation of early postnatal rapid growth. In another study of term SGA infants, significantly lower IGF-I levels were documented in cord blood and at 1 d of age; however, this difference became statistically nonsignificant on postnatal day 4 (64). This indicates that metabolic catch-up of IGF-I is exhibited at a very early postnatal age, before catch-up growth begins.
We also measured IGF-I levels in the cohort study described above (43) . The serum IGF-I level also correlated positively with body weight and the respective sums of skinfold thickness at birth and at 1 mo. In addition, changes in skinfold thickness during the first month correlated positively with the change in serum IGF-I level. Furthermore, the percent increase over 1 mo in both serum IGF-I level and LPLm level correlated inversely with the birth weight z-score, suggesting that the marked postnatal increase of IGF-I observed in SGA infants is another mechanism of rapid postnatal s.c. fat accumulation.
Adiponectin
Adiponectin is an adipocytokine produced exclusively by adipocytes and has potential antidiabetic, antiatherosclerotic, and anti-inflammatory properties. Adiponectin is abundant in the cord blood of term neonates, at levels two-to threefold higher than those reported in adults. The relationship between cord blood adiponectin level and fetal growth has been investigated previously. Mantzoros et al. demonstrated that cord blood adiponectin in term infants is associated with gestational age at birth and birth weight/gestational age z-score (65). Tsai et al. also examined the relationship in healthy term infants, and found that adiponectin level correlated positively with birth weight and skinfold thickness (66) . In addition, they observed a significant difference in adiponectin level between term SGA and term AGA infants, and serum adiponectin level correlated positively with birth weight (67) . However, in offspring of diabetic mothers who were heavy at birth, cord blood adiponectin levels exhibited no significant relationship with birth weight z-score or skinfold thickness (68) . These findings suggest that, contrary to what has been demonstrated in adults, cord blood adiponectin levels have a positive association with body fatness; thus, cord blood adiponectin levels are modulated differently from adult plasma.
In our previous cohort study of term infants (69) , cord blood adiponectin levels were strongly related to birth weight and skinfold thickness; however, these relationships were not demonstrated in 1-mo-old infants. Adiponectin levels increased markedly during 1 mo along with s.c. fat accumulation. However, the postnatal change in adiponectin level during the neonatal period does not correlate with weight gain or s.c. fat accumulation. In another cohort study reported by Bozzola et al. (70) , adiponectin and adiponectin isoform distribution were measured at postnatal day 2 and at 1, 6, and 12 mo of age in SGA infants, when they exhibited catch-up growth. Total and isoform (high, medium, and low molecular weight) adiponectin levels were comparable between SGA and AGA infants at postnatal day 2 and until 12 mo of age. Taken together, these findings suggest that adiponectin has an effect on fetal growth, but no strong effect on early postnatal growth.
Leptin
Leptin, which is secreted from adipocytes, has important roles regarding energy expenditure and insulin sensitivity. Leptin is also present in cord blood, and its level correlates positively with gestational age, birth weight/birth weight z-score, and skinfold thickness (65) (66) (67) . However, an abrupt decrease in leptin level shortly after birth suggests that the placenta might be an important source of leptin in fetal circulation (71) . After the early postnatal decrease of leptin, SGA infants persistently had lower leptin levels than AGA infants; however, relationships between leptin level and body fatness were not demonstrated (72) .
In a cohort study of preterm infants at 7, 30, and 90 d of age, serum leptin levels were higher among term infants than among preterm infants at postnatal days 7 and 30; however, this difference was not significant at postnatal day 90, and s.c. adipose tissue had a greater influence on leptin level than body weight at postnatal days 30 and 90 (73) . In another study of preterm infants, the change in leptin was not associated with postnatal weight gain during 4 wk (74). The impact of low leptin level at birth on postnatal rapid growth with marked fat accumulation in preterm and SGA infants remains to be elucidated in future studies.
Other Factors
Postnatal catch-up growth is regulated by nutritional factors and hormones. In studies that employ animal models, prenatal low protein and postnatal high fat and high calorie intake result in rapid catch-up growth of adipose tissue (75, 76) . Therefore, the promotion of rapid weight gain in SGA infants using nutrient-enriched formula-feeding should be undertaken with caution. In a human study, breastfed SGA infants developed lower adiposity across early infancy (77) . In addition, breastfed SGA infants maintained low fat mass and normal levels of IGF-I and Review Okada et al.
high molecular weight adiponectin; formula-fed SGA infants normalized their body composition by gaining more fat, which was accompanied by a marked fall in high molecular weight adiponectin (78) . Furthermore, lower levels of cord blood polyunsaturated fatty acids were associated with abdominal fat accumulation at 2 wk of age (79) . The role of human milk should be reevaluated from a new viewpoint (80) .
CONCLUSIONS
Recent studies have shown that preterm and SGA infants exhibit unique postnatal growth with respect to weight gain composition. During the early postnatal period, they accumulate more fat than term AGA infants, especially in s.c. adipose tissue; therefore, they catch-up in fat earlier than they catch-up in body weight and height. In addition, some hormonal and metabolic factors (e.g., IGF-I and LPL) also exhibited early postnatal increases with fat accumulation. Furthermore, the metabolic catch-up of IGF-I appears to precede catch-up fat. In previous studies, the degree of "mismatch" between prenatal and postnatal environments was estimated simply by postnatal rapid weight gain. However, postnatal rapid fat accumulation and catch-up of metabolic factors might be more precise biomarkers to evaluate "mismatch. "
The association of the catch-up fat phenomenon during early infancy with long-term metabolic consequences has not been investigated in humans, because the precise methods to assess infants' body composition have only been developed and applied quite recently. In addition, the mechanical contribution of hormonal and metabolic factors to fat accumulation during the early postnatal period has not been confirmed; previous studies demonstrated only associated changes in the serum levels of the factors. The precise mechanism of postnatal rapid fat accumulation should be investigated properly. Additional studies are necessary to evaluate the precise risks of postnatal rapid fat accumulation by examining the long-term consequences of altering metabolic markers. We hope that such studies will provide some suggestion of how best to establish nutritional options for preterm and SGA infants, and suggest possible mechanisms underlying developmental origins of health and disease.
